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Introduction
Diffusion MRI provides a powerful non-invasive probe of tissue microstructure, with multiple important applications in the assessment of healthy and diseased tissue. Diffusion MRI techniques include both qualitative diffusion-weighted imaging (DWI) and quantitative diffusion techniques [1] . Quantitative diffusion MRI techniques are based on acquiring multiple DW images with different diffusion weightings, and performing parametric fitting of the acquired signal in order to estimate quantitative diffusion parameters of tissue [2, 3] .
Prostate imaging is an important application of diffusion MRI. Prostate cancer is the second most frequently diagnosed cancer among men worldwide [4, 5] , and there is a broad clinical need for techniques that enable diagnosis, staging and treatment monitoring of prostate cancer [6, 7] . Qualitative DWI is widely used in the clinic for the assessment of prostate cancer and other prostatic diseases, and is included in the PI-RADS guidelines [8] .
Prostate DWI is typically performed with single-shot echo planar imaging (ssEPI) techniques, due to their reliability and robustness to motion. Importantly, ssEPI based DWI has been demonstrated to show significant contrast between malignant and benign peripheral zone tissues [9] [10] [11] . However, ssEPI of the prostate often suffers from severe image distortion due to the presence of susceptibility-related field inhomogeneity. The prostate is located directly under the bladder and in front of the rectum. This complicated anatomic environment including abrupt susceptibility differences between prostate tissue and the air in the rectum will result in severe field inhomogeneity. This field inhomogeneity introduces significant distortion in ssEPI images, which are obtained over a long readout time. This distortion in ssEPI-DWI results in reduced image quality and poor co-localization with other imaging sequences, and may complicate the accurate measurement of quantitative diffusion parameters within and around the prostate.
Novel pulse sequences based on reduced field-of-view (rFOV) [14, [28] [29] [30] [31] and multi-shot EPI (msEPI) [15] [16] [17] acquisitions have been proposed to reduce these image distortions by enabling shorter readout times. Specifically, rFOV enables a shorter EPI echo-train length by applying a spatially-selective RF pulse to excite a limited FOV in the phase encoding direction. Alternatively, msEPI acquires multiple shots (where each shot requires a shorter echo train with reduced readout time) in the phase-encoding direction to reduce distortion artifacts. Importantly, both rFOV and msEPI enable DWI imaging with higher resolution and higher overall image quality including greater resolvable spatial resolution and reduced distortions [14, 17] . In recent studies, both rFOV and msEPI have been shown to provide improved diffusionweighted image quality for prostate cancer detection compared to conventional ssEPI [18] [19] [20] [35] [36] [37] [38] [39] .
Quantitative diffusion measurements (such as ADC) have tremendous potential to enable improved detection and staging of prostate cancer and assessment of response to treatment [9] [10] [11] [12] . Based on these quantitative measurements, thresholds have been obtained that enable staging of lesions [32] as well as early assessment of response to treatment [33, 34] of prostate cancer and its metastases. However, the quantitative reproducibility of rFOV and msEPI relative to ssEPI has not been demonstrated. Consequently, establishing this reproducibility is essential to determine whether previously derived thresholds (obtained from ssEPI studies) can be used with rFOV or msEPI, as well as to ensure data harmonization in multi-site clinical trials (where different sites may use different diffusion pulse sequences). Although preliminary studies suggest that rFOV and msEPI are able to produce accurate ADC measurements in quantitative diffusion phantoms [21, 22] , the reproducibility of quantitative diffusion measurements obtained from these novel diffusion MRI sequences has not been demonstrated.
Furthermore, in-vivo tissue often has restricted diffusion, which induces bias in ADC measurements with different b-value combinations [13, 44] . Diffusion kurtosis model has been introduced to measure restricted diffusion [3, 4] independently from b-value choices. Previous studies have examined kurtosis imaging in the prostate [12, [41] [42] [43] . But similarly, the reproducibility of quantitative diffusion measurements with different b-value combinations and with kurtosis model also need to be evaluated with novel imaging acquisition strategies like rFOV and msEPI.
Therefore, the overall purpose of this study was to evaluate the reproducibility of quantitative diffusion measurements obtained with rFOV and msEPI acquisitions, using ssEPI as a reference. Additionally, the reproducibility across the choice of b-value combination and other acquisition parameters were also evaluated. This paper is aimed to constitute an early-stage technical validation towards further clinical evaluation.
Methods
To investigate the reproducibility of quantitative diffusion measurements from rFOV and msEPI acquisitions relative to ssEPI, diffusion phantom experiments, prostate imaging in healthy volunteers and prostate imaging in clinical patients were conducted. In addition, different acquisition parameters and quantitative diffusion models were used for further evaluation of reproducibility across these confounding factors. Experimental details are described in the following sections.
Diffusion phantom experiments
A National Institute of Standards and Technology (NIST) and RSNA-QIBA diffusion phantom [23] , containing multiple vials with different ADC, was used to evaluate three different diffusion sequences across acquisition parameters. The diffusion phantom was scanned using a 3 T 60 cm bore scanner (MR 750, GE Healthcare, Waukesha, WI). To reduce thermal changes in ADC, the temperature of the phantom was controlled at 0°C using an ice-water bath. The phantom was placed into an eight-channel head coil, with the vials aligned parallel to the magnetic field. Axial ssEPI DW images were acquired with parallel imaging factor = 2 as the reference. rFOV and four-shot msEPI sequences were acquired several times with different imaging parameters. Resolution for different sequence was slightly different based on their image quality. Detailed imaging parameters are provided in Table 1 .
The acquired diffusion-weighted images were reconstructed for each acquisition (note that multi-shot acquisitions in msEPI were reconstructed using a generalized parallel imaging reconstruction method described in Ref. [17] ). ADC maps were then calculated for each acquisition, by fitting a mono-exponential diffusion model to the voxelwise signal using non-linear least-squares fitting. For each protocol, averaged ADC measurements were performed within an approximately 1 cm 2 region-of-interest (ROI) within each vial. ANCOVA [24] analysis was conducted across different diffusion imaging sequences, using the different phantom vials as the covariate.
Volunteer study in the prostate
This HIPAA-compliant study including healthy volunteers and patients was performed with institutional review board approval and informed written consent.
Healthy volunteers
Ten healthy volunteers (29 ± 7 years of age) were scanned with a 32-channel receive only Torso coil (GE healthcare, Waukesha, WI) on a 60 cm bore 3 T scanner (GE healthcare, Waukesha, WI) to evaluate the image quality, quantitative diffusion reproducibility among the three sequences. The three diffusion imaging sequences were performed as described in Table 2 . All three diffusion directions are acquired for each sequence. Specifically, ssEPI was conducted with a parallel imaging acceleration factor of two; while msEPI images were acquired with four shots and reconstructed with a generalized parallel imaging technique [17] . Reduction factor of rFOV in the phase encoding direction (R/L) was 40%. Due to the longer acquisition time of multiple shots, msEPI acquisitions were performed with higher spatial resolution than ssEPI and rFOV to achieve similar SNR. 
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where S(b) is the signal intensity for a specific b-value, S 0 is the signal intensity at b = 0 s/mm 2 . ADC and D k are the diffusion coefficients for the two models, respectively; k is kurtosis.
In addition to the diffusion imaging sequences, a T2-weighted 2D multislice Fast Spin Echo (FSE) acquisition with axial slices co-localized with the diffusion imaging slices was acquired. Specific imaging parameters included: FOV = 28cmx28cm, slice thickness = 5 mm, in-plane spatial resolution = 0.875mmx0.786 mm, TE = 98.4 ms, TR = 3.4 s, echo train length = 23, readout bandwidth = 50 kHz, acquisition time = 3min14s and flip angle = 111°. This non-EPI T2-weighted acquisition was used as a reference to assess the geometric distortions present in each of the diffusion imaging sequences. In order to evaluate geometric distortions, the diameter of the prostate in the A/P and R/L directions was measured from axial diffusion-weighted images (ssEPI, rFOV and msEPI). These measurements were compared to those from the non-EPI T2-weighted acquisition, which was used as reference [36] . The distortion present in ssEPI, rFOV and msEPI was compared by analyzing the averaged diameter differences using a onetail t-test.
To assess the reproducibility of the diffusion measurements for each of the two signal models, pair-wise Bland-Altman analysis [40] was performed across different pulse sequences (rFOV vs. ssEPI and msEPI vs. ssEPI) and different b-value groups (high b-value group vs. low bvalue group). Averaged diffusion measurements (ADC and D k ) within an approximately 0.6cm 2 central gland (CG) ROI and an approximately 0.8cm 2 peripheral zone (PZ) ROI were compared for each volunteer in the analysis. ROIs were selected by avoiding distorted regions where ssEPI measurements were used as a reference. The ROIs were co-localized for different imaging sequences.
Clinical patients
Four clinical patients (61 ± 5 years old) undergoing prostate MRI were recruited for this study, each with 12 diffusion measurements at different areas. Images were acquired according to the University of Wisconsin clinical prostate protocol and before contrast agent administration, using a 30-channel cardiac coil array (GE healthcare, Waukesha, WI) on a 3 T scanner (GE healthcare, Waukesha, WI). The detailed protocol is listed in Table 2 (b). In these patients, four DWI sequences, including ssEPI, rFOV s , rFOV l and msEPI (where rFOV s was a short acquisition with few averages and rFOV l was a longer acquisition with more averages), were scanned with the same b-values (b = [100, 800] s/mm 2 ) as in the clinical DWI sequences. Antiperistatic agents were not applied to these patients in the research sequences. All three diffusion directions were acquired for each sequence. Reduction factor of rFOV was 50% performed with the phase encoding direction (R/L or A/P) chosen to minimize susceptibility related artifacts for each patient. Due to the limited patient scan time, only a small number of averages were used in each of the ssEPI, rFOV s and msEPI sequences. But to further compare the diffusion measurements of rFOV with different number of averages, rFOV l with a larger number of averages was also acquired and analyzed. msEPI acquisitions were performed with higher spatial resolution than ssEPI and rFOV because it has multiple shots.
Because of the limited range of b-values obtained in patients, only ADC maps from a mono-exponential diffusion model were reconstructed from patient images. From the resulting ADC maps, eight ROIs were selected for each patient, including left and right PZ on apex, left and right central gland (CG) on apex plane, left and right PZ on mid plane, and left and right CG on mid plane. Among the ROIs, cancerous PZ regions were excluded. In order to assess the reproducibility of quantitative diffusion imaging using different pulse sequences, BlandAltman analysis was conducted to compare these ROI-based ADC measurements across different sequences (rFOV s versus ssEPI, msEPI versus ssEPI, and rFOV l versus ssEPI).
Image post-processing and analysis in this study was performed in MATLAB (R2016a, The Mathworks Inc.). Multivariate statistical analysis was implemented with IBM SPSS (IBM Corporation, Armonk, New York) V23.0. Overall, ADC measurements from both rFOV and msEPI are in good agreement (R 2 > 0.99) with the reference ssEPI as shown in Fig. 2 .
Different slice thickness and resolution does not have a large effect on ADC measurements from either rFOV or msEPI. However, rFOV slightly underestimated ADC with thinner slice and smaller number of averages. Multivariate analysis of the phantom measurements demonstrates no significant effect (p > 0.05, effect size η 2 < 0.02) of different sequences (F = 1.868, p = 0.156, partial η 2 = 0.008), even with different acquisition parameters. Diffusion-weighted images and ADC maps of the prostate of a healthy young volunteer are presented in Fig. 3 . Distortions within the prostate are improved in rFOV and msEPI (white arrows). Note that rFOV depicts only a limited FOV with lower SNR. The quantified image distortion for each pulse sequence is shown in Fig. 4 . Mean values and standard deviations of the diameter differences relative to the non-EPI T2-weighted imaging reference in R/L and A/P directions are plotted. pValues from the t-test are shown adjacent to each bar. Significantly lower distortion (p < 0.05) in the A/P direction is demonstrated for both rFOV and msEPI.
Quantitative diffusion measurements of peripheral zone (PZ) and central gland (CG) with each combination of sequence, b-value group and diffusion model are listed in Table 3 (a). Table 4 shows the BlandAltman analysis of volunteer data across the three pulse sequences (a) and different b-value groups (b) with both mono-exponential model and kurtosis model. According to the bias results, no significant difference (p > 0.05) has been shown across sequences, even though the in-plane resolution is different for msEPI; but significant bias of ADC estimations exists across b-value groups (p < 0.01). From the width of the 95% confidence interval ( ± 1.96σ, where σ is the standard deviation of the difference between the quantitative measurements from different sequences) [40] , both rFOV and msEPI have moderate confidence intervals (1.96σ < 0.3 × 10 −6 mm 2 /s) relative to ssEPI ADC measurements from a mono-exponential model. However, the confidence intervals for both rFOV and msEPI relative to ssEPI are larger for the parameter D k measured from the diffusion kurtosis model. ADC measurements from patients are shown in Table 3 
Discussion
As an initial step towards further clinical studies, this study evaluated the reproducibility of quantitative diffusion measurements across different pulse sequences (ssEPI, rFOV and msEPI) in phantoms and prostate of healthy volunteers and clinical patients. From our results, quantitative diffusion measurements obtained from recently developed reduced-distortion pulse sequences (rFOV and msEPI) were in good agreement with the standard ssEPI-based measurements. In combination with the reduced distortion provided by these novel pulse sequences (as has been demonstrated in previous works [18] [19] [20] [35] [36] [37] [38] [39] as well as in this study), these results demonstrate the potential of rFOV and msEPI, at the cost of FOV size or scan time, to provide reproducible quantitative diffusion measurements compared to ssEPI. This potential may have significant research and clinical implications for diffusion MRI of the prostate.
rFOV is able to reduce distortion in diffusion-weighted images through limiting the size of the FOV. In this work, both phantom experiments and volunteer studies have shown no significant difference (p > 0.05) in quantitative diffusion measurements between rFOV and ssEPI. This agrees with the conclusions from other evaluation studies [22] . However, it has been demonstrated that rFOV images tend to have lower SNR especially when the average number is small and b-value is high [29] . This property will induce an underestimation in quantitative diffusion measurements, which can be fixed by using larger number of averages and choosing optimal b-values [22] . In this work, it is shown from both phantom and patient studies that diffusion measurements of rFOV with larger number of averages have less bias than those with small number of averages. msEPI has the capability for high resolution diffusion-weighted images with less distortion than ssEPI and without sacrificing scan coverage by reducing the FOV [20] . Overall, ADC measurements from msEPI have no significant difference from ssEPI and rFOV based on both multivariate analysis of the phantom data and Bland-Altman analysis of volunteer studies shown in the results section. In principle, residual parallel imaging artifacts from the current implementation of msEPI reconstruction may increase the variability of msEPI-derived quantitative measurements, however no systematic bias was observed relative to ssEPI measurements.
Additionally, for all the three sequences, the choice of b-values and diffusion models will affect the quantitative diffusion measurements [12, 13] . Previous studies have demonstrated significant difference of diffusion measurements between different combinations of b-values in both healthy and cancerous prostate tissues [13] . This difference may be induced by several causes, including the presence of perfusion or pseudo-diffusion effects at low b-values, as well as restricted diffusion and potentially noise floor effects at high b-values [26, 27] . In this work, significant difference of ADC estimation between high b-values group and low b-values group has been shown in the healthy volunteer study (p < 0.05 for all three sequences). On the contrary, there is no significant difference between two b-value groups in corrected diffusion coefficients from kurtosis model, with p > 0.1 for all the three pulse sequences. This distinct behavior of the mono-exponential and kurtosis models may be due to the different effects of restricted diffusion or noise floor effects in the two diffusion models.
In addition to demonstrating reproducibility across pulse sequences, the quantitative diffusion measurements obtained in this study are in good agreement with previous works. In healthy young volunteers, ADC measurements with low b-value group ssEPI are 1.34 ± 0.09 × 10 Overall, novel pulse sequences like rFOV and msEPI have been shown to be good alternatives to ssEPI for high quality diffusionweighted images with less distortion. Also, they are both promising techniques for reproducible quantitative diffusion measurements compared to ssEPI and reproducible measurements across different acquisition parameters. However, rFOV and msEPI have different characteristics in terms of FOV, SNR and acquisition time. Therefore, in practice, the choice between rFOV and msEPI may be driven by the desired FOV, resolution and possible scan time constraints.
This study had several important limitations. In this work, rFOV and msEPI measurements are compared to ssEPI because there is no available gold standard reference for ADC in tissues (particularly in the presence of restricted diffusion). Further, an important motivation of this work was to assess whether previously derived quantitative criteria (e.g., relevant ADC thresholds derived using ssEPI [32] [33] [34] ) can potentially be applicable to ADC measurements obtained using rFOV or msEPI. In addition, we optimized each sequence for performance, hence different spatial resolutions and readout directions were used for different pulse sequences. The different spatial resolutions may have effects on the visualization of edges or lesion in DWI, but it does not affect the ADC measurements as shown in the phantom results. Most importantly, only healthy tissues in the clinical patients were evaluated in the statistical analysis of this study. Based on the promising preliminary data provided by this study in phantoms, healthy volunteers, and healthy tissues in patients, future clinical studies are needed to evaluate the ability of rFOV and msEPI to assess prostate cancer. Additionally, future studies will be needed to assess the reproducibility of diffusion measurements from rFOV and ssEPI at different field strengths, different coils, and using scanners from different vendors.
In conclusion, quantitative diffusion measurements demonstrate good reproducibility across diffusion MRI pulse sequences. Measurements from two novel sequences (rFOV and msEPI) with reduced image distortion are in good agreement with a standard ssEPI sequence. Therefore, both rFOV Fig. 4 . Diameter differences in R/L and A/P directions between diffusion-weighted images from different sequences and an axial, non-EPI, T2-weighted acquisition (used as the reference). These diameter differences are evaluated as a measure of image distortion for each diffusion pulse sequence. p-Values from t-test are shown for rFOV and msEPI compared to ssEPI, respectively. 
